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Abstract - A photon collider is a potential stage in a linear collider program with a rich physics
program. Achieving a photon collider depends on the efficient generation and use of Joule-level,
terawatt laser pulses in order to convert the majority of an incoming electron drive beam into high-
energy photons. Progress in the field of high power lasers has been steady, driven by the needs of
inertial confinement fusion and other applications. Various schemes to reduce the total laser power
required for a photon collider by recirculating and reusing the laser light have been proposed. We
review the current state of laser and recirculating optics technology and outline a multistage R&D
program to develop and demonstrate a photon collider laser and optics system.
1 Introduction
The physics of Compton back-scattering of lasers from electron beams is well understood and is
used today in X-ray and Gamma-ray light sources. The main challenge in extending this technique
to create a photon collider at a future linear collider is the large amount of average power required
since each electron bunch must have a matching laser pulse. Table 1 shows proposed beam pa-
rameters for several accelerating technologies. They all have about 15,000 bunches/second/beam
which sets the scale of the laser light required. As most of the laser photons go unused in the
electron-laser collision, a system that can recirculate and reuse the laser energy can dramatically
decrease the required power. The time structure of the electron beam has a significant impact on
the choice of laser and recirculating technology. Table 1 shows example beam parameters for warm
and superconducting accelerator technologies. The total number of bunches per second is roughly
equivalent but their time structure is quite different.
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Table 1: Beam parameters for superconducting (L-band) [1], warm (X-band) and two-beam [2]
accelerating technologies.
Technology Rate Bunches Bunch spacing Bunch width
L-band 5 Hz 2820 369 ns 300 microns
X-band 120 Hz 120 2.8 ns 100 microns
two-beam 100 Hz 154 0.66 ns 30-50 microns
2 Technologies
The physics of Compton backscattering has been developed in detail [3]. Each electron bunch
is brought into collision with a laser pulse in order to shift a laser photon from 1eV energy up
to a large fraction of the electron energy. As in any particle-particle collider, the rate at which
electrons backscatter is proportional to the laser photon number density integrated over the path
of the electrons through the focal spot of the laser. It is advantageous to focus the laser spot
to the same size as the electron beam to minimize the laser power required. However, once the
Rayleigh range of the laser focus becomes smaller than the electron bunch length no additional
benefit is gained. A laser pusle width matched to the Rayleigh range of the laser focus minimizes
the required laser power. Pulse compression beyond that point provides no increase in scattering
rate and can be detrimental due to increased non-linear effects from the high laser field. If the
laser final focus mirrors must be off-axis in order to avoid the electron beam then the scatter rate
will be reduced compared to a head on collision. The CAIN program is available to simulate the
laser-electron scattering.
2.1 Stacking Cavity for L-band
A collaboration of DESY-Zeuthen and MBI has created a conceptual design for a stacking cavity
to exploit the long bunch trains and large inter-bunch spacing of a superconducting L-band accel-
erator. As shown in Figure 1 the cavity has a total path length of 369 ns which allows it to travel
through the center of the detector and loop back around the outside of the detector. The design has
a quality factor of 300 greatly reducing the required laser power.
In order to drive this cavity a laser will be required that can produce a train of 2820+300 pulses
with a spacing of 369 ns. The pulses will need to be phase matched to the cavity in order to achieve
the required gain. A block diagram of the laser system is shown in Figure 2 with it’s laser pulse
format shown in the upper part of Figure 3.
Stacking cavities are currently being developed for Compton backscattering light sources. Ex-
amples of currently operating cavities are shown in Figure 4.
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Figure 1: The DESY/MBI cavity design [4, 5].
2.2 Wavelength shifting recirculator for X-band and Two-beam
The RING recirculating cavity has a set of mirrors that are transparent to a particular frequency of
light. A fully formed pulse is injected into the cavity through these mirrors and is converted to a
harmonic by a non-linear crystal. That harmonic then travels around the cavity until it dissipates.
Figure 5 shows a demonstration cavity with the light from a single injected pulse recirculating and
dissipating. By changing the focusing of the cavity the central intensity can be kept constant as the
light recirculates.
For an X-band accelerator this technology could be used to reduce the total laser power re-
quired. The inter-bunch spacing in X-band does not allow sufficient time for a pulse to travel
around the outside of the detector. The cavity will need to be within the tracking chamber, prob-
ably surrounding the vertex detector. This will still not allow enough time for a single laser pulse
to return to the IP in time for the next bunch. One concept, as shown in Figure 6, would set the
cavity length to be a multiple of the inter-bunch spacing. A set of pulses would recirculate evenly
spaced around the cavity. A set of optics could subdivide a single pulse into a train of pulses,
converting one fully formed multi-joule, ps pulse would into a set of N pulses separated by the
inter-bunch spacing. The train of N pulses would then be injected into a RING cavity where the
total path length would be N× the inter-bunch spacing. Each laser pulse would recirculate leading
to a laser energy reduction given by the number of bunches/train divided N The pulse energy would
then dissipate between trains. The value of N would be set by the need to provide space for the
detectors.
Lasers capable of producing high quality 50 Joule pulses of ns duration at 10Hz have been
demonstrated. Recirculation of pulses in a RING cavity has been demonstrated.
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Figure 2: Block diagram for the laser system needed to create laser pulses capable of driving the
DESY-Zeuten/MBI design for a stacking cavity.
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Figure 3: The laser pulse format needed to drive the cavities. Top: The pulse train to drive a
stacking cavity designed for the ILC bunch structure. Bottom: The pulse train to drive a RING
cavity for X-band or Two-beam.
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Figure 4: Existing laser stacking cavities for Compton backscattering from KEK-Hiroshima (left)
and LAL-Orsay (right). The former is being tested at the ATF ring, and the latter is being tested at
LAL. In the middle of 2009 the LAL cavity is planned to be installed at the ATF for tests with the
beam.
Figure 5: A proof-of-principle RING cavity is shown on the left and the measured pulse height of
a laser pulse as it recirculates is shown on the right. Results are shown for a non-focusing cavity.
The peak intensity can be held constant by creating a cavity that slightly focuses the pulse to a
smaller spot on each pass.
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Figure 6: Block diagram for the laser system needed to create laser pulses capable of driving a
RING cavity based design for an X-band pulse structure.
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Figure 7: Block diagram for the R&D phases for developing photon collider technology. Stacking
cavity in the upper half and RING cavity in the lower half. Green boxes show existing efforts
developing similar technology relevant for the photon collider.
3 R&D Timeline
Progress in lasers and recirculating optics is ongoing, driven by interest in many applications. How-
ever, a photon collider has a unique set of requirements for the laser and optics that necessitate a
targeted R&D program. While much of the work on Compton backscattering light sources touches
on many of the same issues, the photon collider requires much more recirculating laser power. An
R&D program focused on demonstrating a full solution for the laser and recirculating optics can
proceed in a staged program. One branch of that program would demonstrate the operation of the
recirculating cavity with a low power laser. A second branch would develop the laser technology
for a full power system. Eventually both branches would converge on a full system demonstration.
It is likely that results from LHC will inform decisions about future projects. Given that first results
should be available in 2012 that sets a timescale for the basic technology demonstration.
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3.1 Stacking Cavity Program
The basic system starts with a low-power front-end laser than creates laser pulses every 369 ns with
enough phase stability to achieve the factor 300 enhancement in the cavity. A second amplifying
stage boosts the laser energy to 30 mJ per pulse. The pulses are then directed onto a coupling
mirror for the stacking cavity. The cavity mirrors must be stabilized against ground motion in
order to ensure that the drive pulse and the recirculating pulse arrive at the coupling mirror with
the correct phase stability of 1 micron / 300. Achieving that phase stability also insures that the
round-trip time will be stable at the ps level over the train length so that the electron beam and
the recirculating laser pulse arrive at the focal point at the same time. The pointing stability of the
system must also be maintained so that the electron and recirculating laser pulse overlap in space.
The challenges in realizing the full system can be broken down into a series of steps. Much of
the work in demonstrating the operation of the cavity can be down at low-power and requires only
the front-end of the laser system without the high-power amplifying stage. The demonstration
of the cavity can therefore proceed in parallel while the technology for the amplifying stage is
developed.
Phase 1: Design and simulation of the stacking cavity and specification of the required laser
parameters. The operation of the cavity requires feedback systems to maintain the phase, pointing
and timing stability of the cavity. These need to be designed and simulated. These studies should
determine what aspect of the system can be demonstrated with a smaller prototype cavity. A
conceptual design for a front-end laser and high-power amplifier capable of driving the cavity
would be developed. This design study would lead to a GO/NO-GO decision point on further
development given the understanding of the system’s basic feasibility.
Phase 2: Demonstrate operation of a smaller cavity with lower round-trip time and a low-
energy laser. Using a low-power front-end laser system a stacking cavity similar to the full design
but with a smaller path length would be demonstrated. A program to demonstrate basic operation
on an optical table would come first, then the optics would be independently mounted to evaluate
the systems ability to reject ground motion. The system would then be moved to an electron beam
facility to demonstrate reliable operation on a beam-line. By shifting the timing of the cavity
relative to the electron beam all 2820 interactions could be probed. At this point the achieved
operational parameters of the cavity would then be fed back into the full system design and a
GO/NO-GO decision would be made on further development.
Phase 3: Demonstration of a full sized cavity at low-power. The system requires about 100m
of path length to have 369ns recirculation time. A electron facility such as End Station A would
have sufficient space to house the system. Operation of the full cavity would be demonstrated. A
GO/NO-GO decision would be made at this point to proceed to full power operation of the cavity.
Phase 4: Full power operation of the cavity. The laser system will need to be upgraded to
produce full power pulses if this has not already been done in parallel with the cavity demonstration
program. A choice of whether to pursue a parallel development course will need to be made in
light of the challenges to achieving the required system performance in Phase 1. The system
will have 500W of average power. This will introduce issues of heat dissipation, optics distortion
and even momentum transfer from the laser pulses off the mirrors introducing motion. At this
point the system should demonstrate a conversion efficiency of Compton backscattering capable
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of supporting a photon collider experiment.
Phase 5: Long term operation. The system will need to operate reliably in 24/7 mode to create
a viable photon collider experiment. Actual experience will be needed to understand the mean time
between failure for various components and to determine time to recovery. This phase could occur
during construction of the accelerator that would drive the photon collider experiment.
3.2 Wavelength Shifting Recirculator Program
The RING cavity [6] accepts a full power pulse, wavelength shifts it through a non-linear crystal,
then recirculates the pulse around the cavity until it dissipates. As with the stacking cavity, the
round-trip time must also be stable at the ps level over the train length so that the electron beam
and the recirculating laser pulse arrive at the focal point at the same time. The pointing stability
of the system must also be maintained so that the electron and recirculating laser pulse overlap
in space. Because the inter-bunch spacing is small in the X-band case, the cavity may need to be
filled with a number of pulses at the same time spaced around the circumference of the cavity. A
set of beam splitters and optics would be used to take a single high energy pulse and perform the
split.
The challenges in realizing the full system can again be broken down into a series of steps. The
initial laser should be able to reach create a picosecond pulse with low power and a low repetition
rate. The demonstration of the cavity can proceed in parallel while the laser technology for a full
power and repetition rate system is produced.
Phase 1: Design and simulation of the RING cavity, beam splitter and pulse formatting optics
and specification of the required laser parameters. The operation of the cavity requires feedback
systems to maintain the pointing and timing stability of the cavity. These need to be designed
and simulated. This design study would lead to a GO/NO-GO decision point on further devel-
opment given the understanding of the system’s basic feasibility. A demonstration of Joule level
recirculation in a RING cavity is planned at LLNL for other applications.
Phase 2: Low repetion rate demonstration of Compton backscattering at End Station A. Using
a low repetition rate, lower energy laser system with picoseconde pulses a RING cavity and optical
beam splitter system would be demonstrated. A program to demonstrate basic operation on an
optical table would come first, then the optics would be independently mounted to evaluate the
system’s ability to reject ground motion. The system would then be moved to an electron beam fa-
cility to demonstrate reliable operation on a beam-line. By shifting the timing of the cavity relative
to the electron beam each pass of the laser pulse could be probed to determine the backscattering
efficiency. At this point the achieved operational parameters of the cavity would then be fed back
into the full system design and a GO/NO-GO decision would be made on further development.
Phase 3: Full power operation of the cavity. A laser or set of lasers whose output can be
combined to reach the full repetion rate would need to be constructed to perform a full power test
of the system. A choice of whether to pursue a parallel development course for the laser system
will need to be made in light of the challenges to achieving the required system performance in
Phase 1. This will introduce issues of heat dissipation, optics distortion and momentum transfer
from the laser pulses off the mirrors introducing motion. At this point the system should demon-
strate a conversion efficiency of Compton backscattering capable of supporting a photon collider
10
experiment.
Phase 4: Long term operation. The system will need to operate reliably in 24/7 mode to create
a viable photon collider experiment. Actual experience will be needed to understand the mean time
between failure for various components and to determine time to recovery. This phase could occur
during construction of the accelerator that would drive the photon collider experiment.
4 Facilities and Related Work
The development of Compton backscattering for light sources is on-going around the world. The
PosiPol [7] series of conferences has been the contact point for work on development of Compton
backscattering for polarized positron sources and general applications of Compton backscattering
light sources. Facilities that can produce low-emittance electron beams are necessary for develop-
ing Compton backscattering technology. The accelerator test facility (ATF) at KEK has been host
to Compton backscattering development with a demonstration of polarized positron production at
low intensity [8] and optical cavities for light sources [9]. The ATF facility can either use the stored
beam in the damping ring to demonstrate multi-pass cavities at low intensity or a demonstration
can be located in the extraction line if there is a significant energy loss to the electron beam during
the Compton backscattering. The ATF2 is planned to support Compton backscattering experiments
at the final focus which can support this work in the future.
The 120 MeV electron linac at LLNL has been used for the development of Compton light
sources as part of the PLEIADES [10] and T-REX [11] projects.
The End Station A (ESA) facility will have the benefit of a damped low-emittance beam with
higher energy in a single-pass configuration. This will be useful for experiments that attempt a
full conversion of the electron beam with more than one Compton scatter per incoming electron.
The energy of the Compton backscattered photons produced is proportional to the square of the
electron beam energy. The ESA at 30 GeV will be able to produce photons of 10 GeV using a 1
micron wavelength laser. As well as the photon collider development such a facility could be used
for demonstration of the GAMCAL [12] luminosity monitor which converts photons to electron-
positron pairs and tracks them in a magnetic field to determine the photon energy spectrum. With
a longer wavelength laser, such as a 10 micron carbon dioxide laser, a photon beam with higher
number density and lower energy could be created. Such a beam could be used for tests of the
photon conversion target for the undulator based positron source target.
5 Near term work plans
Work is on-going around the world for the development of Compton backscattering for general
light source applications and has been part of the ILC program as a possible source of photon
beams for the polarized positron source. The application of Compton backscattering to the creation
of a photon collider physics experiment was proposed in the early 1980s and has been included
as an option in all of the projects working toward a linear collider. Much of the current work on
Compton backscattering can be leveraged for the development of systems specific to a photon col-
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lider, however the photon collider application has it’s own specific requirements that need research
and development. The current Compton backscattering development efforts involve projects that
can be viewed as intermediate “proof of principle” steps toward a full photon collider system that
provide invaluable real experience with the operation of these devices.
5.1 On-going activities
There is a substantial effort to develop recirculating stacking cavities.
KEK-Hiroshima has an active program to develop stacking cavities and demonstrate them at
the ATF facility. As reported at a recent conference [13], at low power the two-mirror cavity has
achieved a large enhancement with a 30 micron spot size. The cavity is installed on the ATF
beamline and will demonstrate backscattering in 2008.
LAL-Orsay [14] has developed both two-mirror and four mirror cavities with high enhance-
ment and narrow focus and is planning active demonstrations of Compton backscattering at the
ATF.
LLNL is developing [15] a Compton backscattering light source and will demonstrate 1 Joule,
1 ps pulse recirculation in a RING cavity.
5.2 Photon Collider specific work
A pre-conceptual design for a laser system capable of driving the DESY/MBI stacking cavity for
the ILC at full laser power has not been done. We propose to perform a preconceptual design in
FY09 of a laser capable of producing:
• Laser pulses of 30mJ with a width of 1ps
• with laser pulse quality capable of driving the cavity
• in trains of 3120 pulses separated by 369ns
• with trains produced at 5Hz
also we will look at the requirements to produce similar laser pulses with a reduced inter-bunch
spacing in order to drive a smaller test cavity.
From this study we will determine:
• whether this laser pulse structure is attainable with current laser technology
– identify the limiting factors if any
• how close to damage threshold are the optic elements and amplifier crystals
• what R&D work would be needed to achieve such a system
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6 Conclusion
At the end of the R&D program we will have an existence proof of a laser system capable on
enabling a photon collider experiment. A series of initial experiments and demonstrations can
provide a development path with decision points at each stage on whether to proceed with further
development of this technology.
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